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A review of neutrino-nucleus interactions: overview

Story for today:

- Strong recent progress by experiments -
driven by improved understanding of modeling
and the power of model independent
measurements becoming the norm. —

- Particle theorists are engaging with the uBOQ@
problem - new focus on improved nucleon- NSNS N\ ﬁ"/
level physics, bridging from free nucleons to a
nuclear environment, and beginning to bring

understandings about nuclear modeling from Important Acknowledgements:

. . . This is a review, so I've drawn from
electron scattering into neutrinos. S ' | _
numerous presentations by a variety

of people. I've tried to provide

Pion production attribution wherever | use a figure no
_ ) matter how “small”. Thank you to
Superscalmg Lattice QCD everyone who helped without

knowing it!

Nuclear Many Body Theory

| , 3F Fermilab
> | Full disclosure - | work on MINERVA, GENIE, may show some biases... |
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A very brief motivation

* Current and future neutrino oscillation
experiments have a very ambitious
program.

* U. Mosel, Nulnt 2017: DUNE is “an
impossible” experiment:

- Flux not fully specified,

- Beamline is over 1,000 km, diameter is
over 1 km at Far Detector,

- Cross sections are tiny (10-1" mb) and
plagued by numerous theory and
experimental uncertainties,

- Somehow we need to extract evidence of
physics beyond the Standard Model!

* Control of cross section systematics is a
critical piece - requires a multi-pronged
effort involving theorists, experimenters, and
and Monté Carlo authors all working
together.

- No single measurement or calculation will
solve it all!
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\// Framing the issue /
\Y; lepton \V.‘V/' L

Bare fermions:
W* Graduate Z0
homework

Charged Current Neutral Current

d problem .
f f

Free Nucleon: Nucleus:

Parameterize What is the initial state?
7 w/ Form Factors... What escapes the nucleus? 777

What canwe | ree! %f e
5 | calculate? measure?

| I— = e _____




Reaction Channel Menagerie: A Glossary

» Charged current: exchange a W boson; neutral current: exchange a Z (not

) : M
shown) - no charged lepton in the final state for NC. Vu
- CCQE : Charged-Current Quasi-Elastic
- CC e, 10
« Coherent (no break-up) & Resonance Production W CCQ_E
- Deep Inelastic Scattering (DIS - scatter on a parton)
* Our descriptive language is something of a historical accident. These
terms are really only proper when discussing scattering on free nucleons.
- When scattering on nuclei, final state interactions (FSI) mix up the »
particles leaving the nucleus, making this sort of assignment impossible. P
- Modern language prefers specification by visible particles in the final
state.
v M

M

p
2= Fermilab
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The Basic Problem: we must interpret with models
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We must leverage every
possible observable!
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Need to integrate - we
interpret results statistically

(and soon...) using event generators.

2= Fermilab
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Organizing the challenges - NUSTEC

* New paper from NUSTEC (http://nustec.fnal.gov) outlines the current
challenges facing the field of neutrino-nucleus scattering

https://arxiv.org/abs/1706.03621 (I am one of the authors)

* The paper summarizes

the impact of interaction uncertainties on oscillation physics,
the role of event generators in accelerator-based neutrino experiments,

how electron-nucleus scattering experiments inform our understanding of
neutrino-nucleus scattering,

our current understanding of the various interaction channels (ranging
from the elastic regime through deep inelastic scattering).

» This presentation was inspired by the structure of the NuUSTEC paper, with
additional emphasis specifically on new results from the past year.

NOTE: while neutrino flux estimation is central to understanding the results
of neutrino-nucleus scattering experiments, we don’t have space to do the
topic justice here.
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http://nustec.fnal.gov
https://arxiv.org/abs/1706.03621

“EXperiment.
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uBoo

1. Charged particles interact in Ar
* Jonize argo.n o X=25m
e Produce scintillation light < >
2. Ionization e- drift toward anode q 7\
3. Wire planes detect drift e- . . ~
TPC drift time ~2ms
J—
l - Drift Time = X position T
N
W
=
Three ) i
Wire Planes
#" 170 tons of liquid argon }/
— 50% inside the TPC )4 Scintillation Light
y
cosmic rate ~200 m=2s1: ~8 muons /’ Charge collected detected by PMTS
per drift time K' by wire plane 32 eight-inch PMTs for
scintillation light (fast)
Cathode @ 70 kV Electric Field Anode
(plate) ~270 V/em (wire plane)

R. Acciarri et al 2017 JINST 12 P02017

@Microboone

Figures: Kazuhiro Terao, SLAC
& Andy Furmanski, Manchester

S



Charged particle multiplicities MBOQ_@,‘:

=

* Model independent quantity!

* Contained events with conservative quality requirements, fitting neutrino and
cosmic components in 4 samples of varying purity.

* No efficiency or acceptance corrections, no separation into particle type, no
background subtraction, conservative thresholds, and systematics are not final.

Observed Charged Particle Tracks in Neutrino Interactions Observed Charged Particle Tracks in Neutrino Interactions
_S 08 —— MicroBooNE Data (stat only) _5 1E —— MicroBooNE Data (stat only)
§ . —+— MC Default (stat+syst. errors) § - —— MC Default (stat+syst. errors)
= MC with MEC = T MC with MEC
% 0.6/ MC with TEM g 107 MC with TEM
= MicroBooNE Preliminary f MicroBooNE Preliminary
0.5
C (Includes muons) ~ (Includes muons)
0.4 102
0.3 f— -
0.2 f— 107°% &=
- KE, .>37 MeV,KE >82 MeV - KE, >37 MeV,KE >82 MeV
oaE- T P - W, ’ p
:l | I 1 1 L L | 1 - - - 1 L I I L Il | 1 1 1 1 L 1 1 1 1 I 1 1 1 1 1 1 1 1 l 1 1 1 I
0 K 2 3 ? 5 6 % é 3 4 5 6
area normalized observed multiplicity =~ area normalized observed multiplicity
o Andy Furmanski for the MicroBooNE
See also collaboration
- A. Rafique from Tuesday morning on charged June 26" 2017

1 Nulnt 2017, Toronto, Canada

particle multiplicities in MicroBooNE.



MINERvVA - Neutrino Scattering

@minervaexpt

* Fine-grained, high-
resolution scintillator
tracker for detailed
kinematic reconstruction
of neutrino-nucleus
interactions.

 Cross-section program.

NuMi Low Energy Beam * Nuclear effects with a
variety of target
materials ranging from
Helium to Lead.

Phys. Rev. D 94,
092005 (2016)

Vu

Flux(v/ m? /GeV / 10°POT)
(4]
o

E. corrected/uncorrected

Flux Ratio

o o —_
SN R SN N
o T[T TTT

2 4 6 8 10 12 14 16 18 20
v energy (GeV)
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Improved modeling: By adding a weak charge screening model (“RPA”), a 2p2h model
(Valencia), and re-weighting the 2p2h using hadronic energy for neutrinos, MINERVA is able to find
very good agreement between their simulation and the antineutrino distributions as well.

__Neutrino, 3 33e20 LE-beam POT, MINERVA Preliminary Antl Neutrlno 1 02e20 LE beam POT MINERVA Prellmmary
33000_ 0.0 < g /GeV < 0.4 E - | | 0.0 < g /GeV < 0.4
N After model &= ue Total I After model &= ue Total
S . _ — MC QE + RPA o 2000F . — MC QE + RPA
5 #n adjustments — MC Delta 5 _ adjustments — MC Delta
32000_ . — 2p2h tuned ; — 2p2h tuned
S ¢ Data c ¢ Data
i ' I i i

neutrino O anti- neutrlno

1000} ;ﬂeZO POT | | 1.02e20 POT
- _'—I—‘_I *

(6] [ o —
Q 15 2 1.5:
— — | + +
© L T * = . *
: : } {
g 1.0f * ¢ . : g 1.0: ) } |
o5 Tune is fit to neutrino data only... 0.5f...and describes anti-nu well -
0.0 0.1 0.2 0.00 0.05 0.10 0.15 0.20
Reconstructed available energy (GeV) Reconstructed available energy (GeV)
Rodrigues, Demgen, Miltenberger Valverde, Amaro, Nieves PLB 638 (2006) 325 with unpub. followup by F. Sanche
et al. [MINERVA] PRL 116 071802 plus muon capture uncertainty and implementation R. Gran, arXiv:1705.02932
Nieves, Ruiz Simo, Vicente Vacas PRC83 (2011) 045501 I :
Rik Gran

o

13 Gran, Nieves, Sanchez, Vicente Vacas PRD 88 (2013) 113007 Nulnt17. Toronto




Antineutrino CC inclusive “low recoil” cross sections

* Leverage improved modeling: Electron scattering “style” measurement in variables meant to
separate QE, resonance peaks and isolate “dip region” 2p2h contributions.

- Available Energy = proton KE + charged pion KE + neutral pion E + electron and photon E

‘G-\
> 6
D 0.0<q,/GeV <0.2 T‘Esg 0.2<q/GeV<03[T1494 03<gq/GeV<0.4
0 i P 15.40 MINERVA Prellmlnary
-~ 4 ¢ (I.JiaEt;IE 084 s 1.02x10% pot LE Antineutrino
8.4 O many events
- o many
| — Delta with neutron-only
S 2 — 2p2h final states in
= — Total lowest bin
b 4

o 6 6.11 0.4<q,/GeV <05 [[17.24 05<q/GeV<06 1392 0.6<q/GeV <038
o) 17.59 17.25 15. ?53
= " ewer bins than
= the neutrino case,
% respecting the
\O 2 { wide resolution
N ®
© @ (& J. Kleykamp
8.0 0.2 04 0.0 0.2 0.4 0.0 0.2 0.4 here at DPF)
Available energy (GeV) :
Rik Gran
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MINERVA double-differential CCQE-like cross sections

Fiducial, QE-like:
Model independent!

d’o/dp dp, (x10™° cm?/GeVZ/c?/C')

MINERVA Preliminary

v-Result

Data POT: 3.34e20

Daniel Ruterbories
Nulnt 2017

S —

25< p"_!Ge\-" <30 |

30< p"_fGe\u" <35

40 1.5<p /GeV <20 | 20< p"_!Ge\u" <25 |
—‘— MINERVA data
20 MINERVA Tune vi |
GENIE 2.8.4
48 35« p",fGeU =40 | 4.0 < p"_.-‘Ge'\u" <45 | 45« p"_.-‘Ge'\u" <50 | 50 < p"_.I‘Ge'\u" < B6.0
® 2 ® 2 X2 ® 2

48 6.0<p /GeV <80 | BO<p /GeV <100 | 10.0<p /GeV < 15.0 | 15.0 < p /GeV < 20.0

x 10 ® 20 = 30 x50
20 E i s

H
0 1 2 0 1 2 0 1 2 0 1 i

Muon transverse momentum (GeV)

—

(& J. Kleykamp
here at DPF)

Similar results available for anti-neutrinos, see C. Patrick FNAL JETP, 2016 June 17
2% Fermilab
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Double-differential CCQE-like vertex E: model evolution

MINERVA Preliminary Data POT: 3.34e20

Ratio to default GENIE

0.5¢

0 20 400
Non-tracked Vertex Energy in 150mm (MeV)
Data
—— MINERVA Tune v1
— GENIE 2.8.4
- RPA Only
2p2h+RPA
—— 2p2h Only

Improved
modeling!

Valverde, Amaro, Nieves PLB 638 (2006) 325 with unpub. followup by F. Sanchez
plus muon capture uncertainty and implementation R. Gran, arXiv:1705.02932

MINERVA Preliminary Data POT: 3.34e20

Ratio to default GENIE

Daniel Ruterbories
0.5f Nulnt 2017

‘ —

o 200 400

Non-tracked Vertex Energy in 150mm (MeV) f;:; ::;y::)mp
Data
—— MINERVA Tune v1
—— GENIE 2.8.4

—— Low Recoil Fit nn only

—— Low Recoil Fit np only

—— Low Recoil Fit ge only

Rodrigues, Demgen, Miltenberger
et al. [MINERVA] PRL 116 071802

Nieves, Ruiz Simo, Vicente Vacas PRC83 (2011) 045501 # Fermilab
16 Gran, Nieves, Sanchez, Vicente Vacas PRD 88 (2013) 113007 August 2nd, 2017



More MINERVA cross sections at DPF

 See also

- D. Rimal from Tuesday morning on Deep Inelastic Scattering in
MINERVA.

- L. Ren from Tuesday morning on antineutrino to neutrino charged-
current cross section ratios in MINERVA.

- A. Bercellie from Tuesday afternoon on the nuclear A-dependence
of Quasi-elastic scattering in MINERVA.

- J. Kleykamp from Tuesday afternoon on the double-differential
CCQE cross section with lepton kinematics in MINERVA.

2= Fermilab
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s NOVA (NuMI Off-axis ve Appearance) is
a neutrino oscillation experiment

s Oscillation channels accessible to
NOVA:

-
(o]

@novaexperiment

NOVA

+ Baseline of 810 km

% NuMI, beam of mostly v,
* 14 mrad off-axis from the beam
x Two functionally identical detectors

v (P

vy

v, CC/6E20 POT /kton/ 0.1 GeV

o

) 10 ve(Te) (appearance)

v,) to v, (v,) (disappearance)

NOVA Simulation

- -
o (4]
T L

1
LI

on axis

E, [GeV]

To 1 APD pixel

typical -
charged -~
particle

path

4m X 4m X 16m Hongyue Duyang
214 Planes University of South Carolina

Far Detector (FD)
% 14 kt, = 344,000 channels

Near Detector (ND)
% 0.3 kt, = 20,000 channels
% On surface % 100 m below surface

% 810 km from source % 1km from the NuMI




Electron neutrino inclusive cross sections AOvA

* Analysis is very advanced.

+ Excellent control of systematics through data-driven samples - here “Muon
Removal Event” sample to benchmark performance of convolutional neural
net used for particle ID.

NOVA Preliminary

|

80— .
Improved
L v, Preselected MRE Events
H —4— Data
modeling! _| —— 1
* —— MCQE
s ——— MC Res
@ MC DIS
% 40 MC MEC
| E
J J. Paley
geseessssssssesese. _n:“_’:’:”—rf Nulnt 2017
o 2 | _
§ 1 +++*++_'*+++‘*»+++‘+++++.+v+,,.+'..-v#.,w— - & P. Dlng
0 0.2 0.4 0.6 08 1
CVN v, Classifier
2& Fermilab
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Improved A

NC coherent pion production in NOVA modeling! >~
Measured flux-averaged cross-section: Work in progress:

o =14.0 £ 0.9(stat.) £ 2.1(syst.)x10*°cm?/nucleus . CC 0

Total uncertainty 16.7%, systematic dominant. . NC 70

- CC mtt/t
NC Coherent m© o
NOVA Preliminary

- N S i Source d(%)
S 8o T ﬁgyfpre"mmar = Calorimetric Energy Scale | 3.4
% I % NOMAD g i Background Modeling 10.0
> 60_ i gaa‘ﬁgjf,{;f;dm 7 : C%Iic/[rosthamplf/[ Sgleiction ??
o . = ower Modeling :
(E, i $ g:ﬁ?“/' ///’f Coherent Modeling 3.7
S B 4 Minos i Rock Event 2.4
lc—i 40— m Alignment 2.0
o i i Flux 94
; B = Total Systematics 15.3
o i Measurements scaled to C12 by A23 | Signal Sample Statistics | 5.3
o | 4 i Control Sample Statistics | 4.1
© 0 e y Total Uncertainty 16.7
° o 20 %0 Hongyue Duyang (& this
20 Neutrino Energy (GeV) Nulnt 2017 conference!)



More NOVA cross sections at DPF ASva

 See also

- D. Kalra from Tuesday morning on Inclusive NC neutral pion
production.

- H. Duyang from Tuesday morning on NC coherent neutral pion
production.

- B. Behera from Tuesday afternoon on an alternative measurement
of the inclusive muon neutrino CC cross section in NOVA.

- A. Tsaris from Tuesday afternoon on charged pion semi-inclusive
CC cross sections in NOVA.

- P. Ding from Tuesday afternoon on electron neutrino CC inclusive
cross sections in NOVA.

- J. Bian from Tuesday afternoon on neutrino-electron elastic
scattering for flux constrains in NOVA.

2= Fermilab

21 Gabriel N. Perdue // DPF 2017 // Neutrino interactions August 2nd, 2017



* Oscillation experiment (far detector
Superkamiokande) with high
granularity, magnetized near detecto
complex for comprehensive cross
section program on Carbon, Oxygen.

- POD contains water layers,
scintillator, and absorbers.

- TPC and segmented scintillator

modules.
2 | [ #yOn-axis (NGRID)
g i \ = 2.5%0ff-axis (ND280) _
= - "\\' Tl 7
g | \§\:)\lﬂ!‘ 1“'11. Peak: 1.1 GGV .
E L M I -
q:)! %,F .
Z 05_ J.E =il
N 4 : | .
i |1 | ; Peak: 0.6 GeV i
| i
0 1 2 3
E, (GeV)
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Alfonso Garcia, IFAE (Barcelona) | v, inclusive CC cross section measurement on C at T2K (Nulnt 17, 26/06/2017)

Inclusive 2d muon-neutrino cross sections on plastic

* Inclusive measurements are high purity and relatively insensitive to
problems modeling the hadronic response.

» Update a result from 2013 (PRD 87) with 5x the statistics and better
reconstruction and event selection.

e Robust cross-section measurement (same results with two models).

0.87 < cos eu <0.92

B F T2R preliminary 3
() 14 — -
NE c :_ _: . .
1 Momentum in an angle bin
I - ~>X 150 E
s °F : 3
e 5 4= * H —]
o & E
3= o 3 o | DATAFIT W/NEUT (SYST)
C 1 E 2
10" 1 "0 p, [GeVie] - DATA FIT W/ NEUT (SYST+STAT)
0.6 <cos 0, <0.71
& . E - —|— DATA FIT W/ GENIE (SYST+STAT)
14

cm?

nucleon Ge

[0
lllllllllllllllllll

3 }*} ~»x 300 Fiducial, inclusive:

e — Model independent!

3 == E
» ] 10 p, [GeVic] V_K Iz

do
p dcos 0,

o N D

-
o
-



Alfonso Garcia, IFAE (Barcelona) | v, inclusive CC cross section measurement on C at T2K (Nulnt 17, 26/06/2017)

Inclusive 2d muon-neutrino cross sections on plastic

-1 <cos 6, <-0.25 -0.25 <cos 6, <0.25 0.25 <cos 0, <0.45
e = B sfE =3 g [
= 5 - 3 E 3 L =
o 3 o E e =3 o -
Elc E = 3 3 e C
PB4 = b 3 b |
H E R E : F
3 3 - 2 E 3 6=
2 E 2 -3 2 o
A = 7 = P
=] [=] - = f=3 E Qe
kS! 151 E ks 15 3 38
IS — o™ E o® 2
ob — 3 3 0 . —
0 0.1 02 03 0 01 02 03 04 05 06 038
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0.45<cos 0, <0.6 0.6 <cos 6§, <0.71 0.71 <cos 6, <0.8
: 12 - : 14;- -; : 145— —E
ook . L3 ' E Tk
R R 3 ER E 2 10f E
s E E 5 8 = % sf 3
= 6= — = = = = E 3
= C 3 == 6 = = 6 3
g E E L 3 #£ E E
=, 3 ", 3 s, 3
% 01 02 03 04 05 06 R % 0.2 0.4 06 0 1 - % =0z o4 06 o8 T
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5 3 3 : E
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I  F 3 % 3
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%o o e 3 e E
- - E 3
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he! 0_ o 07 4= — o 0_ E
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T2
Charged current “zero pion” with py + p kinematics "’—ﬁz\

 Fiducial flux-integrated cross
seCti 0 n i n b i n S Of COS ( e u) true cos(8,): -0.3 0.3 , true cos(8,): 0.85 0.94 true cos(8,): 0.3 0.8 , true cos( 0,): 0.50.8

cos(6p) and pp (pp > 500 MeV/c). _ o oo + |
* May also extract the number of 3 " +
' T | i ﬁ+ |
protons with p, > 500 MeV/c. i — . ‘
* Excessis observed over GENIE & =fmomimiwy 1 | e
2'8'0 (no 2p2h mOdel in 2-8-0)- g/\ | truecos(9“)10.30.8,truect;s( ep)p(l),S(E);f}V/C) truecos(e):0.81,truecos(e):gggieV/C)

030
opp0 cos(ep) d cos(@u
s ala g &
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E H
0.15 I ' 01
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E —’— ! 008
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Overarching themes

* The particle theory community has begun to really engage with neutrino
interactions (the field has long been of interest to nuclear theorists).

* We’ve begun to organize problems more clearly around leptonic, nucleon,
and nuclear effects in the full picture, with particle theorists beginning to work
more vigorously on the first two.

- Our model involves going from quarks to nucleons and again to nuclei. For
precision, we “need to control both form factors and nuclear effects”
and we must properly separate them (G. Paz, Nulnt 2017).

* e.g., Ma from the dipole parameterization of the vector axial form factor is
often presented with inflated uncertainties to cover nuclear modeling
effects. It is time to do better than that and recent work shows us how.

- Our understanding of proper nucleon level uncertainties has leapt forward,
but understanding how to fully leverage this information in a nuclear
context is important and will help direct all of our efforts (R. Hill, Radiative
Corrections at the IF, Perimeter Inst. 2017).

- Nuclear modeling must first succeed with electrons: good progress here!

2= Fermilab
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Nucleon

Lattice QCD and neutrino-nucleus scattering physics

* New neutrino-nucleon data will be hard to come by, making lattice
contributions potentially critical.

* While not precisely new (and not exactly a lattice result), lattice theorists
have already re-defined the way neutrino physicists talk about the axial
form factor. We have started to phase out the dipole form factor in favor
of the model-independent z-expansion:
z-expansion: conformal mapping taking kinematically allowed region (t = -Q?2) to 1zl < 1.

PHYSICAL REVIEW D 84, 073006 (2011) o
. o 4. . . _\/tc_t_\/tc_to F _ n -9 2
Model-independent determination of the axial mass parameter z(t; to, tc) = Vi —tt Vit A(z) = anz te = 9mz

in quasielastic neutrino-nucleon scattering N c= n=0

Bhubanjyoti Bhattacharya, Richard J. Hill, and Gil Paz
| Lt L=
SN
t 2 1 2 ‘
Fdip0|e( QZ) _ A _Qmax gmﬂ'
A _ 2
1+
m/24 Aaron S. Meyer (asmeyer2012Quchicago.edu)

7
!

University of Chicago/Fermilab

. Phys.Rept.3 (1972),261
(Llewellyn-Smith, 1972) [ (1972).261]
A— Radiative Corrections at the
i Intensity Frontier of Particle Physics
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Nucleon

Lattice QCD showcase: ga and Ga(Q?) physics
* Nucleon axial charge and form factor Ref. ga (r3) [fm?]
S LHPC 1.208(6)(16)(1)(10)  0.213(6)(13)(3)(0)
* Lots of activity in the past year! Callat  1.278(21)(26) —
ETMC 1.212(33)(22) 0.267(9)(11)
- LHPC 1703.06703 CLS 1.278(68)(t% 0.360(36)(+%
_ ETMC 1705.03399 PNDME  1.195(33)(20) 0.22(7)(3)
- CLS 1705.06186 Under the dipole .approximation:
- PNDME 1705.06834 (some here are dipole, some z-exp.)
g 12
- Also ga: CalLat 1704.01114 Ga(@?) = @ () = 372
! A ' ' ' ' ' Exp.'n—x—| ] ! N ———— ]
I Ma = 1.026 gg\\; — I
0.8 | MA_:é%g&g 7 00| Gupta et al,
| 200m3%0 = | | 1705.06834
S 06F a00m130 = | < o] ®
3 oondly =] 8 08y
© a06m135 = | ©
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Precise nucleon form factors

* Nucleon inputs will play an important role in assessing the

overall nuclear uncertainties, whether they come from
calculations or measurement.

- For another calculation, see e.g. Meyer, Hill, Kronfeld, Li
and Simone, arXiv 1610.04593

* Also, new (this week!) nucleon vector form factors
from Ye, Arrington, Hill and Lee in arXiv 1707.09063

* Re-analyzing existing deuterium data using the z-
expansion from above is important for properly specifying
the axial-vector form factor and its uncertainties.

(Form factor fully specified
in the paper, etc.)

Here, Minerva for illustration
- fit was to deuterium data.

Nucleon physics

30
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Measurement from re-analysis

PHYSICAL REVIEW D 93, 113015 (2016)

Meyer, Betancourt, Gran, Hill (2016)

0.5
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M N.=4 z expansion
=] m, =1.014(14) dipole

M N.=4 z expansion
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Nucleon physics o o,
. i i E. Hernandez™ and J. Nieves
Slngle pion prOdUCtlcn on nucleons PHYSICAL REVIEW D 95, 053007 (2017)

* Understanding single pion production reactions on nucleons is
required to describe these processes in nuclei.

* Reanalyze previous studies of 1-pion production on nucleons for W < 1.4
GeV to improve description of vyn — p-nttt (current theoretical models give
values significantly below data).

* Here change the strength of the spin 1/2 components in the A
propagator and use the vyn — p-nri+ data to constraint its value.

* Now find good reproduction for vyn — -nrt+ without affecting the (good)
results previously obtained for other channels.

T 0 ro 0.08 L ———
02pV,n—>uUpn . vpn%vupn_ v,n—>u nn
_ W,y < 1.4 GeV T 0.06 - N 0.15F Wpy<14GeV
o I B S N < L. & — n
s 0.15 , : N e : 7
o S L Ed A ’
S olf - — o 004 o 0 _ }
= I 5 B e
0.05 : ﬁgi reanal)fzed h 0.02 | 0.05 'i ﬁgi reanalyzed 1
= BNL no cut in Wy ® BNLno cutin Wpy ]
0 s 1 15 /o5 1 15 0 05 ] s
E, [GeV] E, [GeV] E, [GeV]
C. Wilkinson, P. Rodrigues, S. Cartwright, L. Thompson,
ANL/BNL and K. McFarland, Phys. Rev. D 90, 112017 (2014). Deut ffects: E. Herndndez, J. Nieves, M. Valverde, and M. J. Vicente
re-analysis: P Rodrigues, C. Wilkinson, and K. McFarland, Eur. Phys. . euteron elleclS: vycas, Phys. Rev. D 81, 085046 (2010).
C 76, 474 (2016). Dashed: L. Alvarez-Ruso, E. Herniandez, J. Nieves, and M.J. V.
ANL/BNL G.M. Radecky e al., Phys. Rev. D 25, 1161 (1982); 26, asNe€a. vycas, Phys. Rev. D 93, 014016 (2016).
31 3297(E) (1982).

original: T Kitagaki er al, Phys. Rev. D 34, 2554 (1986).



Nucleon physics

Single pion production on nucleons

32

PHYSICAL REVIEW D 95, 113007 (2017)

R. Gonzélez—Jiménez,l’* N. Jachowicz,1 K. Niewczas,l’2 J. Nys,1 V. Pandey,3 T. Van Cuyck,1 and N. Van Dessel’

Low-energy models describe neutrino production of pions in the Delta
region, but fail in the high-energy region (W > ~2 GeV).

Here developed a single model for electroweak pion production which
is applicable to the entire energy range of interest (DUNE, etc.).

Start with the low-energy model of [Hernandez, Nieves, and Valverde, PRD
76, 033005 (2007).], which includes resonant contributions and
background terms derived from the pion-nucleon Lagrangian of chiral-
perturbation theory.

From the background contributions, build a high-energy model using a
Regge approach.

Low- and high- energy models are combined, phenomenologically, into a
hybrid model. The model is then compared to a MC event generator

(NuWro) and to data.
NuWro

T. Golan, C. Juszczak, and J. T. Sobczyk, Phys. Rev. C 86, 015505 (2012).

C. Juszczak, J. A. Nowak, and J. T. Sobczyk, Nucl.Phys.Proc.Suppl. 159, 211 (2006), e =
hep-ph/0512365, http://borg.ift.uni.wroc.pl/nuwro/. e Fermllab

T. Golan, J. Sobczyk, and J. Zmuda, Nucl.Phys.Proc.Suppl. 229-232, 499 (2012).



MINERVA 110 data - Phys. Rev. D 94, 052005 (2016)
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Bridge to nuclear

Superscaling models with MEC

34

Recent progress on the relativistic modeling of electron-
nucleus reactions.

Nuclear model originally based on superscaling phenomenon of
electron-nucleus scattering - has been improved by including
relativistic mean field theory effects that model the
enhancement of the QE transverse scaling function compared to
the longitudinal.

Model extended to include the complete inelastic spectrum—
resonant, nonresonant and deep inelastic scattering.

Consider impacts of meson-exchange currents through two-
particle two-hole (2p2h) contributions to EM response functions
within the framework of the relativistic Fermi gas, examining for
the first time the longitudinal channel in addition to the
transverse. PHYSICAL REVIEW D 94, 013012 (2016

Inclusive electron scattering within the SuSAv2 meson-exchange
current approach

Gabriel N. Perdue // DPF 2017 // Neutrino interactions G.D. Megias,"" J.E. Amaro,2 M. B. Barbaro,’ J. A. Caballero,’ and T. W. Donnelly*



Bridge to nuclear
Quick refresher - scaling

oe(nuclear effects)

; p-scaling variable

f(y) = f(q,w) ~

Tsingle nucleon (no nuclear effects)

In inclusive QE scattering we can observe:

vt Scaling of 1°* kind (independence on q)
%¢ Scaling of 2" kind (independence on Z)

—>  SuperScaling

10: : ror I I 7 1
o.ang;5s — O.B}A;SB $‘##%% 4) 1 — . . . -
F o e ] S § e -"E‘i’# 4 ] Scaling violations in
_ o.ez—o q=570 q# —A o.eio q=570 @@@% %%f“tbﬁp * the T channel =
0 ?& f ﬁﬁ% IS T ﬁ]m%%ﬂ 1 2p-2h MEC, correla-
! X i %‘Jﬁr 1 TR Yoyt E tions
. Hﬂm% *X E%)T ] i O% >L<< %% i
02— 5 * X%ﬂﬁ % - oz % % %‘ -
[ ¢ ﬂm% ] [ 0 ]
0.0- — ob S RS 0.07 EE— O] : - P
-2 -1 0 1 2 -2 -1 0 1 2
Y Y

G. D. Megias!

IDpto. de FAMN, Universidad de Sevilla, Sevilla, Spain.
5th December 2016, INT-16-63W, Seattle

Plus - Oth kind: the scaling function is the same for the
transverse and longitudinal responses - assumed in
original SuSA model, but SUSA v2 (based on RMF) 2= Fermilab

% | predicts fr > f_ as a genuine relativistic effect. August 2nd, 2017



Learning from electrons

Application of the calculation to neutrinos
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G. D. Megias!

IDpto. de FAMN, Universidad de Sevilla, Sevilla, Spain.
5th December 2016, INT-16-63W, Seattle




Ab initio nuclear many body theory

Bridge to nuclear

* QCD is non-perturbative at large distances. Lattice QCD is our best method for
handling low energy QCD, but it is limited in a nuclear physics context to small (A <
4) systems and restricted to a relatively large pion mass. Therefore we must

employ effective theories.

* Ab initio approaches are based on a non-relativistic Hamiltonian and are able (e.g.
Argonne v18) to predict the spectrum of light nuclei:

H = Vij + _'_sz 1k + -
1<J 1<g<k
N, N N N N N 20
™ = il
------------ L + 7/2 + i
""" R A -304—\‘0j\t0% :Esa & = 0 B
K 5/2- 2+ ]
“He 6He 1281 2+ A 72+ . .
40 1/2 € W53 | 5o fsnr il ]
N N N N N N - 3/2- 3+ | 1 T z y
L 7 - 1* 2: 3/2 7/2- ; ]
N N, N, N S S0 Li AR TIR VA N
NN T = C 8Li 2 52+ /3 RAN] N
™ 1T T N—' * 1 - + + _
s K 5, 60 Argonne v g 8Be s o 3 -
25 N I ;‘g of with Illinois-7 12T e DO
T 70 i i
NI NI N NI NI N - GFMC Calculations 9Be 10Be 0 7]
g0~ 24 November 2012 B!
Alessandro Lovato - oe— ~0+]
90 | ]
Gabriel N. Perdue // DPF /IN - é}ff Pt .
37 abriel N. Perdue 2017 eutrino interactions r ]
-100 B C © 12C T




Learning from electrons
NMBT response functions (here for electron scattering)

A, Lovato,l S. Gandolﬁ,2 J. Carlson,2 Steven C. Pieper,1 and R. Schiavilla®*

o ;I'he plan is to compute response functions o BRL 117, 082501 (016 ap .
ground state, currents, propagation) for — ooef T GRMC O
electrons and use the common pieces for . T Sy
neutrinos. :j\fo‘o Y

+ Longitudinal and transverse electromagnetic | L
response functions for Carbon-12 are e :
computed using a "first-principles" Green's  EM Transverse Response Functions |

Function Monte Carlo (GFMC)

- Calculation uses realistic 2- and 3-nucleon
interactions and associated 1- and 2-body
currents.

* Find good agreement with experiment and
no evidence for the quenching of the
measured versus calculated longitudinal
response.

R;/GY? [MeV™!

Ry /Gb? [MeV!

0 50 100 150 200 250 300 350 400

5 /i w[MeV]
dﬂd;f 2 (dcgf ) l%Rqu"w) Data from: P Bameau ef al. Nucl. Phys. A402. 515 (1983)
erdEe e/ ylldl " J. Jourdan, Nucl. Phys. A603, 117 (1996).
=02 0 Jt :
(3% +tan25)RT<|q|,w>] 2% Fermilab
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Learning from electrons
Electromagnetic scaling functions in GFMC

Studied scaling properties of the EM response functions for 4He and
12C using GFMC, retaining only the one-body current contribution.

Obtained longitudinal and transverse scaling functions in the relativistic
and non relativistic cases and compared to experiment.

Characteristic asymmetric shape of the scaling function seen in data is
reproduced in the calculations despite a non-relativistic model.

The results are consistent with scaling of zeroth, first and second kinds.

N. Rocco,! L. Alvarez-Ruso,’ A. Lovato,? and J. Nieves! Phys. Rev. C 96, 015504 (2017)
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What have we learned?

41

Theory and experiment are racing together in neutrino interactions in an exciting way.
This is a rewarding time to be working in the field - many good ideas and many fun and
interesting collaborative opportunities that cut across theory/experiment and particle/
nuclear bounds.

There is MUCH | didn’t cover!
- Lots of results (running and recent experiments) and theory papers.

- New experiments coming online (e.g., ANNIE, Icarus, SBND [See J. Crespo-
Anadon’s talk from Monday morning], etc.), vibrant supporting program (e.g. pion,
neutron scattering measurements [See the Wednesday afternoon neutrino parallel
session]), amazing concepts and proposals (e.g. nu-Prism [See C. Viela on
Thursday morning]), and a lot of additional activity in the theory community.

- Closely related fields like very-low (~MeV to 10’s of MeV) energy neutrinos (e.g.
COHERENT [See K. Scholberg from earlier this afternoon], supernovae [S. Locke
from this morning], etc.).

- Implementation in MC event generators remains a major problem. We need to
dedicate more effort to helping these codes absorb new developments like those
discussed here.

2= Fermilab
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Looking ahead

 Vibrant cross section program at dedicated and oscillation experiments -
impressive pipeline of results to come.

* Multidisciplinary cooperation is critical:
- Important to have nuclear and particle theorists engaged.

* Nuclear experimentalists too! There is much we can learn from electron
scattering experiments with regards to nuclear models and final state
processes when we have better control over the probe particle.

- Working across the NP/HEP divide can be tricky, but it is important!

* Major effort being invested in cross-experiment communication - how do we
make the best, most useful measurements?

- Excellent spirit of cooperation over rivalry.
- Many recent workshops aimed at these questions:

* Tensions in Neutrino-nucleus Cross Section Data (PittPACC), State of the Nu-
tion (Toronto), Theoretical Developments in Neutrino-Nucleus Scattering (INT,
Seattle), etc.

- CRITICAL to continue to do this!

2= Fermilab
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The Basic Problem

A neutrino comes in (unobserved).

This (flux) is a major problem which we will not consider much here....

| A lepton comes out...
(maybe)

...along with some

\‘SN hadrons (maybe).

What was the neutrino’s energy?

We really want flavor too...

2= Fermilab
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SBN Program: Three LAr TP Detectors

SBN NEAR BOOSTER
/ DETECTOR TARGET

SciBooNE
= /o //‘ DETECTOR — T =

~

i
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—
-
= —
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] 2 Short Baseline Nea

o
Detector (SBND)

ICARUS T600

Figure by M. Kirby

2% Fermilab
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ArgoNeuT

& ArgoNeuT TPC/Cryostat Volume 175 /500 L

# of Electronics Channels* 480

* 175L Liquid Argon Time
Projection Chamber (TPC).

- First step in the US liquid " 0.5 M (330 )
argon program
(MicroBooNE, LBNE) & first

: “Two readout planes: Induction & Collection
LAFTEC in a low energy Each Channel: 2048 Samples / 400 ps
neutrino beam.

* Physics run in the NuMI
Beam June '09 @ Sept. '09 -

Wire Pitch 4 mm

Electric Field oo V/cm

Wire planes

Induction plane

Feb. ’'10. £l <
- Located between MINOS TT Liquid argon Wire #
ND and MINERVA & neutrino T - Collection plane

ionization

utilized MINOS for muon o
momentum and charge Z Fl —
sign. (NuMI “LE” beam.) Wire #
J.Spitz, arXiv: 1009.2515v1
2& Fermilab
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ArgoNeuT

S

LLLLLLLLLLLLLLL)

- Exactly one
charged pion with
momentum over 100
MeV/c.

- No neutral pions or
charged or neutral
kaons.

* No restriction on the
number of nucleons,
or on other mesons.
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49

MINERVA Event Generator Development and Evolution

We have made considerable progress in modeling neutrino interactions lately, thanks to
GENIE collaboration!

We use GENIE (2.8.4) Monte Carlo generator

We are using one of the theoretical predictions and latest GENIE implementation of
Valencia model for QE-like 2p2h, arXiv:1601.02038, PRC 83,045501 (2011)

3
x10
80 0.00 < q_/GeV <0.20 0.20 < q_/GeV <0.30 0.30 < q_/GeV <0.40

= === Nominal Total
= === Nominal QE
60 Nominal Delta

Nominal 2p2h
— Best it Total
40 A — Best fit QE
— Best fit Delta \
20 —— Best fit 2p2h
¢ MINERVA LE data
0 T

80 0.40< qalGeV <0.50 0.50 < qslGeV <0.60 0.60 < qslGeV <0.80

* We use a 2d Gaussian in true variables
(93,90) as a reweighting function applied
to the 2p2h events, and fits its
parameters to get the best agreement
between data and MC (QE and RES are
unchanged)

60 Ani ™

N

80 01 02 03 04 00 01 02 03 04 0.0 01 02 03 04
Reconstructed available energy (GeV)

We add the Valencia RPA to GENIE by reweighting the QE events, Valverde, Amaro,
Nieves PLB 638 (2006) 325

We modify the GENIE non-resonance pion production to agree with deuterium data,

Rodrigues P,Wilkinson C. & McFarland K. Eur. Phys. C (2016) 76:474
Minerba Betancourt
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Charged current inclusive cross sections

* Use the “low-nu” to extract a flux; then use that flux to measure the inclusive
Ccross sections.

« Here we normalize to the reference model (GENIE) and look at data extracted
using that model (low-nu correction) and data extracted with an alternate model
(nuWro), plus the behavior of that alternate model.
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L. Ren et al, PRD 95 (2017) no.7, 072000 ¢ Fermilab
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Charged current v/ v cross section ratios

« Extract fluxes with “low-nu” method, then extract cross sections.

* The muon-antineutrino/neutrino cross section is the most
precise in the world below 6 GeV and uncertainties are
dominated by statistics.

>0.12 Most precise ratio below 6 GeV !
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Sak 000 Cross section model B
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Double-differential CCQE-like vertex energy
D. Schmitz, FNAL JETP, May 2013

° These measurements MINERVA ¢ v Tracker - CCQE MINERVA ¢V Tracker - CCQE
= 300F Area normalized| 3 1100f . Area normalized
are NOT of exactly the s V E=—— MC with syst. error = 10504 V MC with syst. error
. ~ %#% Background @ %#% Background
same quantity. g | 9 g1 Mo
* Improvements in @ i 90J

MINERVA reconstruction

r <30 cm 150

<10
mean much more of 100 e
the energy is tracked o - . 52 7 |
H 0 100 200 300 400 0 100 200 300
In 2017’ and SO not part Vertex Energy (MeV) Vertex Energy (MeV)
O.I: the,’same “non_vertex % MINERVA Preliminary Data-Pf)TQ:ELli%k:é:N ‘
recoil” distribution 2 B Lo Fesonant N I R AL I
(where the vertex region 2 1o -giﬁﬁ:ﬁh Cioeike %gxﬁgmm
is very tight around the £ | ] Corsirine Big -
event vertex). @ £ Hres Dlnes

10 &

« What IS interesting
about these distributions ;
is the data-MC 10 aa i .

.. 0.05 0.1 0. 0.2

ag reement! 0 200 400 Vertex Energy in 100mm (MeV)

Non-tracked Vertex Energy in 150mm (MeV)

D. Ruterbories, Nulnt, June 2017
2& Fermilab
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MINERVA adds weak charge screening model (“RPA”), a 2p2h model (Valencia
(below)), and re-weighting the 2p2h using hadronic energy for neutrinos...

Neutrino, 3 33e20 LE-beam POT MINERVA Preliminary

E 0.0 < q, /GeV < 0.4
& 4000} Before model  ==MC Tota
p . — MC QE
5 adjustments — MC Delta
@ 3000 — (no 2p2h)
§ . ¢ Data .
I, neutrino |
. 3.33e20 POT
1000} e,
Q 20 | |
E 1.5} . .
a 1.0 . : .
0.5} * ¢
0.0 0.1

0.2
Reconstructed available energy (GeV)

Rodrigues, Demgen, Miltenberger
et al. [MINERvVA] PRL 116 071802

Valverde, Amaro, Nieves PLB 638 (2006) 325 with unpub. followup by F. Sanchez
plus muon capture uncertainty and implementation R. Gran, arXiv:1705.02932

e —

Antl Neutrlno 1 02e20 LE beam POT MINERVA Prellmmary

E | L | 0.0 < g /GeV < 0.4
N Before model ==MC Tota '
] ) — MC QE
5 [ adjustments — NIC Delta
%2000_ —— (no 2p2h)
E ¢ Data ]
> . ; ]
W anti-neutrino.
1000r : 1.02e20 POT
: ' — - . _’_l=|=1=|=
%) 3 ' ' ' ]
= 2'05 \ )
s 15 . b
8 1.0pgue by
0.5}
0.00 0.05 0.10 0.15 0.20
Reconstructed available energy (GeV)
Rik Gran

———

Nulnt17, Toronto




Neutral pion production in MINERVA
= 0
v, +CH- u~ +m" + nucleon(s)

Neutrino and Antineutrino induced CC Single Pion Production Cross Sections
« PRD 94, 052005 (2016), PRD 92, 092008 (2015), PLB 749, 130-136 (2015)

Coming soon!

Published v ,—CC(r™) ¥,—CC(mr™ ) In Progress

New! This Work V”—CC(TL'O) VM_CC(TL'O) Published

Aim is to complete the set of dominant CC(1m) channels.

% | POT Normalized % : POT Normalized (b)
(\D : T,>0.1 GeV (a) (\2 i T,>0.1 GeV
S 6ol —¢— Data (3.33e20 POT) o 60 —¢— Data (3.33¢20 POT)
Qo L —— GENIE W/ FSI % - Delta resonance
é L S GENIE wio FS| 2 - I Other resonances
o i it - i I I I Non-Resonant
40+ 1 I 401
o : . o
S i / b - Proton Reco sub-sample
o | /N A 1 ;| ple)
":E 20— — 20 ;
o B S_ -
= |/ : |
\b i »":' L | L L L | L L L | L P B B §
© 10 1.2 1.4 1.6 1.8 S
: - on : : ° 90 1.2 1.4 1.6 1.8
pn® Invariant Mass (GeV) pr® Invariant Mass (GeV)
Ozgur Altinok 2= Fermilab
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Neutral pion production in MINERVA

Pion Kinetic Energy

_ ,--<;éﬁarge Exchané%) °
—¢— Data (3.33¢20 POT). - - e
— GENIE w/FSI

-2 GENIE w/o FSI
--- NuWro ¢

POT Normalized

Elastic
Scattering

()]
o

—-"
-"’
-
1"’
-
-

| | | I | I I I | I I

d——
N ._—_.._—_.,_
-~ ——
e —— L,

N
o

I —

do/dT , (10™° cm?nucleon/GeV)
S

] ] ] 1 1 | ] ] 1 \ 1 ] ] | ! 1 1 ..".
0.2 0.4 0.6 0.8 1.0 Pion Production
Pion Kinetic Energy (GeV)

e Enhancement at ~ 100 MeV due to * = 1t° feed-in events.

o
o

* Depletion at ~240 MeV from 1° absorption feed-out events.

2= Fermilab
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56

ND280 (off axis)

Peak Ev<

Off Axis ~ 0.6 GeV

Side Muon Range Detector

UAT Magnet
Former UA1 Magnet:

e Provides 0.2 T field

l Electromagnetic
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Calorimeter (ECal) P@D ECal

Stephen Dolan Nulnt 2017, Toronto, Canada

Gabriel N. Perdue // DPF 2017 // Neutrino interactions
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T2
Inclusive muon neutrino CC n?® production on CH __’_ﬁ\

Dominant production 0""=(1.239=+0. 034(stat)+g 157 (syst) *+0- 175(ﬂux)) 10~* em’/nucleon

158 —0.149
C[:)rllgn nels are resonance, * Cross section expected by the NEUT generator is

0" =(1.0522+0.0028(stat ))-10~* cm®/nucleon

* Results are consistent with
cross section model Momentum and cos6 of a muon candidate after all cuts
exceptlons - dlscrepanCIeS > 50 £ T oo o200 oot
. = 400 — CCSecr? = E cc;;onlohers
are likely due to secondary ga=: - Buoo pEmca
. . ~ 3 T K o ‘515005@”3%
Interactions. 22 Pre11m1n+gua;a°fm'=1w e
E 2 ary & 1000
. . . @ o .
* Systematics are still being 352 4 £ i T2KPreliminary
. . . @ 5 =
finalized but the result is £ o T X s
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— - / = F T T T T [Tiegral 6157 = [ cc'.‘;f.?"" 3366
— 1 et =" . b 2 . i relunlﬂary mlgg%éﬂ’e’s
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Nulnt 2017 T : £l
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Single n® production in water I—ZJR\

0
. Resonance and coherent VT H2O = v+ 7" + X
production dominate the data/ MC ratio=0.68+0.26 stat )+ 0.44  syst )+ 0.12(flux)

S g n al ) Reconstructed invariant mass in signal-enriched and

P . back d-enriched 1
° Stat|St|Ca| SUbtraCtlon ac groun enriched sample

< oF “d@ = ««; SoETTTTT T
method (events in target 3«
with water vs events in L I _
i e ] '
1 = : R Y Ry AR P & s ey +
targ et WIthOUt) - G50 " 100 “'"""'"" Oasa 100 150 200 250 300 3500
. . Invariant Mass (MeV/c?) Invariant Mass (MeV/c?)
* Results are consistent with
. . Comparison of the data to the best fit invariant mass
M C expeCtatlon57 Iead I ng dlstr1but10n w1th the best fit energy scale apphed to the data
. g ig' — Total Fit ; g ii?’ — Totl Fit E
to confidence that o o ] 337
backgrounds are not s I
grossly mis-predicted for o L : |
00 50 100 150 200 250 300 350 400 450 500 C() 50 100 150 200 250 300 350 400 450 500
OSCI | |at|o n measu rements " M. Batkiewicz Invariant Mass (MeV/c?) Invariant Mass (MeV/c?)
Nulnt 2017 () Wteret confiuestion arXiv:1704.074672

A neutrino interaction simulation program library NEUT — Y.Hayato, Acta Phys.Polon. B40 (2009) 2477-2489
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Final State Interactions

* Hadrons produced at the hard-scattering vertex must propagate out of the nucleus - very
complex process (everything is an off-shell, many-bodied, non-perturbative, strongly coupled

mess).
» Three ways of handling it on the market: transport theory (GiBUU - http://gibuu.hepforge.org
-, best theory), intranuclear cascade (“billiard balls”), parameterized cascade.

Charge Exchange ®
s Elastic

Scattering

@

Absdrption

Figure by T. Golan g Ny

2& Fermil
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http://gibuu.hepforge.org

How Does Lattice Help?

60

Lattice is well suited to compute matrix elements:

Moy up(p, P') = (u(P) (Vi — Aw) [v(p)) (p(@)] (Vi = Ap) [n(0))

VM(P)

= (p")

pen & paper

\
n(0)

Lattice QCD

p(q)

Aaron S. Meyer (asmeyer2012@uchicago.edu)

University of Chicago/Fermilab

Radiative Corrections at the
Intensity Frontier of Particle Physics

Gabriel N. Perdue // DPF 2017 // Neutrino interactions

Nucleon Axial FFs

' G*M?cos’0,.[  (s— —u)?
do _ O 008 Be) q3 oW g, ou)
do STE, M

m* +0%) )
A=T[(1+T)G§ —(1-7)F’ +1(1-1)F] + 4TFF,

2

_m_z[(F1 +E) +(G, +2G,) —(i—é%j@iﬂ

aM
G, (K +F) A

QZ

—

Ilw 2 2\2\ GA
C=,@ i +7h) dominant contribution
largest uncertainty

B=

F 1,2 Well-determined from electron scattering expts

Gp can be related to G4 by pion pole dominance

Phiala Shanahan
MIT

2% Fermilab
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« Lattice prospects

S e A. Kronfeld

ssin N (NN| J|NN)

vN — N*, A, N, ...

Importance to Neutrino Physics

NN forces
7NN forces
cC NC
F > F JA
—)

Difficulty in lattice QCD
2= Fermilab
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J. Carlson, LANL
NMBT

Nulnt 2017

Putting into Generators:

Quantum at the vertex: L/)

e full |- and 2-body interference
* inclusion of full two-nucleon FSI
* sum of positive contributions

Can match to classical generator

after the vertex (J

Need to include

*full weak currents (at 2N level)
e relativistic effects

e pion/delta production

2% Fermilab
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ldo ) dwdSY]

exp

Experimental scaling function: F(q,y)

Gen(g,w;p = —y,e =0)

1 EyN
O_eN(Q7w;pa 8) = % dng q [Zo_ep(Q7w;p7€7¢N) +Naen(q7w;p7€7 ¢N)]
107 ‘ IlIES L 10-2
4He(e,e' Bz o E121
1073
§ ’?.: 1074 :f’“ﬁ%ﬁﬁ*’x =
g 5 i) '
3 = gﬁgﬂ
" + 2 1070 * wwgﬁ He(e.e') 3
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f gﬁ’r o §4< E
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Scaling of the first kind: ¢ — co = | F'(q,y) — F(y) = F(c0,vy)

[do /dwd2e]
o [vLGE +vrGT)’

¥ (@ ¥) = kr—7—

f(qy 11()) =kr

» Scaling of the first kind: fezp(g, ) = fezp(¥); ¥ =~ y/kr — superscaling variable

» Scaling of the second kind: fexp (%) — independence on the nuclear system

SUPERSCAL'NG J. Caballero, Seville

» Scaling of the zeroth kind: fezp(a, ¥) = &, (a, %) = fL,(q, %) Nulnt 2017



Quick refresher - scaling

« Scaling of the first kind occurs when the electron-nucleus
cross section or longitudinal/transverse response functions
(divided by a function describing free nucleon physics) no
longer depend on two variables (e.g. energy transfer and the
absolute value of the 3-momentum transfer), but only on a
specific function of them, which defines the scaling variable.

« Scaling of the second kind takes place when there is no
dependence on the nuclear species.

* The simultaneous occurrence of both kinds of scaling is called
superscaling.

» Scaling of the zeroth kind occurs when the scaling function is
the same for the longitudinal and transverse responses.

2= Fermilab
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SuSA models

65

Original SuSA model:

& Fit of the (e, e’) longitudinal

scaling data
& Assumption f(v) = fr(v)

SuSAv2 PRC90, 035501, 2014

@ An improved SuperScaling
model based on RMF calcula-
tions (FSI).

W Decomposition into isoscalar
and isovector components which
is of interest for CC neutrino re-
actions.

@ RMF & RPWIA models are
employed to get a set of scal-
ing functions valid for all lepton-
nucleus scattering processes

v

Gabriel N. Perdue // DPF 2017 // Neutrino interactions

RMF/RPWIA transition:  PRD 94, 013012 (2016)

@ RMF = FSI between the outgoing nucleon
and the residual nucleus = low-intermediate g
W RPWIA = outgoing nucleon as a relativistic
plane wave =- higher g values

w SuperScaling Approach as a combination of
RMF and RPWIA scaling functions:

T=0,1  __ 2 2T=0,1 , .2 ~RPWIA
) = cos” x(q; 0)f, + sin® x(q, q0)f;
2 - .2 ~RPWIA
Fr = cos” x(q,qo)fr + sin” x(q, qo)fT

> qo(q): RMF/RPWIA transition parameter,
determined by performing a x? analysis of the
(e, €’) data in a wide kinematical region.

4
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